A full understanding of the biogeochemical cycling of silica in the North Atlantic is hampered by a lack of estimates of silica uptake by phytoplankton. We applied the 32 Si radiotracer incubation technique to determine silica uptake rates at 10 sites during the UK-(Natural Environment Research Council) Faroes-Iceland-Scotland hydrographic and environmental survey (FISHES) cruise in the Northeast Atlantic, May 2001. Column silica uptake rates ranged between 6 and 166 mmol Si m Ϫ2 d
and Manganini 1993). As the primary users of dissolved inorganic silica, diatoms' rates of silica uptake and the subsequent dissolution of their frustules exert a major control on the oceanic silica cycle. As the spring bloom progresses, depletion of the surface silica pool by diatom uptake often results in limitation of diatom growth rates, and this has been proposed as the cause for the eventual collapse of the bloom (Martin-Jezequel et al. 2000) .
Quantitative determination of Si and C uptake by diatoms and the associated export fluxes are vital for understanding marine biogeochemical cycles and the initiation and evolution of phytoplankton blooms (e.g., Pondaven et al. 1999) . Estimates of silica uptake have previously been obtained from marine environments with diverse hydrography, nutrient supply, and insolation regimes. Integrated silica uptake rates vary from Ͻ0.5 mmol Si m Ϫ2 d Ϫ1 in oligotrophic midocean gyres (Brzezinski and Kosman 1996; Nelson and Brzezinski 1997) to Ͼ200 mmol Si m Ϫ2 d Ϫ1 in coastal upwelling blooms (Nelson and Goering 1978; Brzezinski et al. 1997) .
In most marine environments, the rate of silica uptake is controlled primarily by the concentration and supply of inorganic silica in the surface ocean. Thus, intense diatom blooms are observed in the nutrient-rich waters of the Southern Ocean and adjoining marginal seas (e.g., Smith et al. 1999; Nelson et al. 2001; Queguiner and Brzezinski 2002) , with maximum silica uptake rates of 40-60 mmol Si m Ϫ2 d
Ϫ1 . In contrast, the highest rates in the oligotrophic subtropical Atlantic Ocean are of the order of 2-3 mmol Si m Ϫ2 d
Ϫ1 . In the high nitrate-low chlorophyll (HNLC) regions of the Southern Ocean, winter mixing raises surface Si concentrations to Ͼ40 mol L Ϫ1 , which is subsequently used by diatoms maintained in the surface ocean by thermal and density-driven stratification in spring (e.g., Brzezinski et al. 2001) . The bloom continues until exhaustion of surface nutrients limits diatom growth or mixing removes the diatom population from the photic zone. In contrast, silica concentration in the oligotrophic subtropical Atlantic waters reaches a maximum of 2-3 mol L Ϫ1 following winter mixing, and uptake rates in the winter/spring bloom of this region are much lower (Brzezinski and Kosman 1996; Nelson and Brzezinski 1997) . Periods of peak diatom activity in the central North Pacific are driven not only by winter upwelling, but by cyclonic eddy activity throughout the year (Brzezinski et al. 1998) . In equatorial regions, diatom growth is also associated with upwelling (Leynaert et al. 2001) .
In both high-and low-nutrient environments, there is evidence from kinetic studies of silica limitation of diatom productivity (Brzezinski and Nelson 1996; Franck et al. 2000; Leynaert et al. 2001; Nelson et al. 2001) . It had been anticipated that open ocean diatom assemblages would have a greater affinity for silica (i.e., a lower half-saturation constant) in regions of low surface [Si(OH) 4 ] than observed in areas where silica was readily available, as a response to the reduced substrate availability. This was confirmed by observations in low silica warm-core rings in the Atlantic Gulf Stream . However, some of the most inefficient (relative to ambient silica concentrations) uptake kinetics have been observed in the oligotrophic Sargasso Sea (Brzezinski and Nelson 1996) and central North Pacific (Brzezinski et al. 1998) . Evidence for enhancement of silica uptake by addition of the micronutrients Fe and Zn has also been reported for the Southern Ocean (Boyd et al. 1999; Franck et al. 2000) and Pacific Ocean (Leynaert et al. 2001) . However, enhanced input of iron-rich Aeolian dust to the Sargasso Sea provoked no increase in silica uptake by diatoms, indicating it is unlikely to be a limiting factor in the subtropical Atlantic .
Studies in both the Southern Ocean (Smith et al. 1999; Brzezinski et al. 2001 ) and the equatorial Pacific (Leynaert et al. 2001) have found that silica uptake rates decrease to effectively zero at the base of the photic zone, implying a degree of vertical coupling of Si : C uptake. However, in other regions, experimental evidence indicates a stronger potential control of dissolved silica concentration on the distribution of silica uptake rates throughout the water column. For example, significant silica use was observed at the base of and below the nitracline in the Weddell-Scotia Seas (Treguer et al. 1991) , Sargasso Sea (Brzezinski and Nelson 1996; Brzezinski and Kosman 1996) and central North Pacific (Brzezinski et al. 1998) . Thus, the strong light dependence of both carbon and nitrogen uptake cannot unequivocally be assumed for silica uptake.
At present there is an absence of data on diatom production and silica uptake kinetics in the open Northeast Atlantic ocean. The annual silica cycle here is characterized by a transition from silica concentrations of about 6-8 mol L Ϫ1 in winter to concentrations of about 1 mol L Ϫ1 or less (Louanchi and Najjar 2001) , potentially limiting diatom production. In such regions we hypothesize that silica depletion should be the major control on silica uptake and diatom bloom progression. Consequently, silica uptake rates and diatom growth rates would be expected to be greatest at the initiation of the spring bloom, when dissolved silica concentration is still high, then decline as surface silica is depleted. Second, we hypothesize that silica limitation of an actively growing surface layer diatom population may result in use of the subphotic zone silica pool, as observed in the Pacific and Atlantic oceanic gyres (Brzezinski and Nelson 1996; Brzezinski and Kosman 1996; Brzezinski et al. 1998) .
In this study we test these two hypotheses using Si uptake and diatom production data acquired in the Northeast Atlantic during the spring phytoplankton bloom. The annual silica cycle in surface waters of this region is driven by deep winter mixing to 800-1,000 m, which increases surface silica concentration to 4-7 mol L Ϫ1 (Koeve 2001; Louanchi and Najjar 2001) , which is then depleted by the spring diatom bloom. Thus this region is an appropriate environment in which to examine the impact of a spring bloom-driven transition from silica richness to silica depletion on diatom silica uptake rates. Our data were obtained as part of the multidisciplinary FISHES (Faeroes-Iceland-Scotland hydrographic and environmental survey) cruise investigating the ecosystem response to mesoscale dynamics in the Iceland Basin, which took place in May and June 2001.
Conventional techniques for determining silica uptake rates by marine phytoplankton require addition of the stable isotope 30 Si to seawater samples, followed by determination of the 30 Si : 28 Si ratio of particulate material by mass spectrometry (Nelson and Goering 1977) . This approach is inappropriate for North Atlantic waters, since the addition of 30 Si tracer required is comparable with the ambient silica concentrations, resulting in enhanced rates of diatom silica uptake in tracer studies relative to natural conditions. However, the development of a sensitive radiotracer method using a high specific activity solution of 32 Si eliminates this difficulty, enabling rapid, high-precision analysis while increasing ambient dissolved silica concentrations by only a few nanomoles (Brzezinski and Phillips 1997) .
We applied this method to determine silica uptake rates on a series of depth profiles and examine uptake kinetics at another four stations. The results are considered in the context of the hydrographic and chemical characteristics of each site, which we use to synthesize a quasi-time series of silica uptake through the spring diatom bloom.
Methods
Sampling and study area-All fieldwork was carried out during the first leg of the FISHES cruise (RRS Discovery cruise D253), from 4 to 31 May 2001. One station each day was selected for detailed study of the plankton community; the timing of this station was such that sample collection was as close to dawn as possible. Temperature and salinity profiles for each station were determined from calibrated conductivity-temperature-depth (CTD) data, collected using either a Neil Brown MkIII or a Sea-Bird 911 CTD package. Seawater was collected in 20-liter Go-Flo bottles mounted on a rosette sampler from seven depths within the euphotic zone, corresponding to 97%, 45%, 17.6%, 8.0%, 2.9%, 1.3%, and 0.1% of the intensity of surface photosynthetically active radiation (PAR). These depths were determined from a PAR sensor on a Chelsea Instruments fast repetition rate fluorometer, deployed immediately prior to the CTD cast. Planktonic silica uptake was measured at 10 of these stations and silica uptake kinetics at a further four stations.
32 Si production rates-The technique used in this study was based on that of Brzezinski and Phillips (1997) , modified for shipboard work. Samples were decanted from the Go-Flo bottles into acid-washed (0.1 mol L Ϫ1 HCl) and deionized water-rinsed 2-liter polycarbonate bottles and prepared for incubation immediately after collection under minimal light conditions. Three 250-ml polycarbonate bottles were rinsed twice with the sample, filled, and inoculated with 1.11 MBq (0.03 Ci) of a high specific activity (7.77 MBq/2.1 Ci ml Ϫ1 ) 32 Si tracer (Los Alamos National Laboratory) diluted in an artificial seawater solution, using a Wheaton positive displacement pipette. Another bottle, wrapped in aluminum foil to exclude light, was also incubated at each depth to examine uptake under dark conditions. Uptake of 32 Si by inorganic particles has been shown to be insignificant (Leynaert et al. 2001) ; thus, no correction for inorganic uptake of 32 Si was considered necessary. The 32 Si-spiked sample bottles were incubated for 6 h in continuously flowing surface seawater. Six hour incubations were preferred to 24-h incubations, in order to avoid nutrient exhaustion or silica remineralization compromising the uptake rate measurements. We therefore ensured the incubations were conducted between 0600 h and 1200 h to obtain a value for a half-day cycle. The deck incubators were covered with combinations of blue and neutral density light filters to simulate the in situ light intensity for each set of samples. Incubations were terminated by filtering through 0.8-m polycarbonate filters under gentle vacuum, followed by three washes of GF/F-filtered seawater. Each filter was placed in a 20-ml glass scintillation vial with 2.5 ml 0.2 mol L Ϫ1 NaOH and heated at 85ЊC for 2 h to digest the biogenic silica (Ragueneau and Treguer 1994) . Digestion of total silica was not attempted due to the hazards associated with use of hydrofluoric acid at sea. After cooling, 10 ml of Optiphase HiSafe 3 (Perkin Elmer Life Sciences) scintillation cocktail was added to each vial. Samples were counted using a dual-window (channels 1-600 and 600-1010) counting protocol on an LKB-Wallac 1414 liquid scintillation counter (LSC) for 45 min or Ͻ1% precision. The counting efficiency of the isotopes in the assigned counting windows of the scintillation counter was fully calibrated using 32 Si and 32 P spikes, following the method outlined in Brzezinski and Phillips (1997) . A quench curve for the 32 Si spike in the NaOH-Optiphase HiSafe3 counting medium was created prior to the cruise, using nitromethane as a quenching agent. Uptake rates were determined from the equation 4 ] is the dissolved silicic acid concentration at the start of the incubation; and t is the duration of the incubation (Brzezinski and Phillips 1997) . Biomass-normalized specific uptake rates, Si , were also calculated, using the following equation (Brzezinski and Phillips 1997) 
where Si is the silica uptake rate, as calculated above, and BSi is the initial particulate biogenic silica concentration in the sample. The activity of 32 Si added was calibrated daily as follows: a 100-l aliquot of 32 Si stock was diluted with the artificial seawater dilution solution in a 10-ml volumetric flask. Three 2.5-ml aliquots were pipetted into 20-ml glass scintillation vials and 10 ml of Optiphase HiSafe 3 scintillation cocktail added. The vials were counted by LSC as before, and the activity of the stock was standardized from the mean value of the three counts.
32 Si uptake kinetics studies-Uptake kinetics studies were carried out at four stations (13989, 14053, 14066, and 14088) , with ambient surface silica concentrations of 5.5
, and 1.6 mol L Ϫ1 , respectively. A single 8-10-liter water sample was collected from the depth of the maximum chlorophyll concentration as observed by the CTD fluorometer. The water was subsampled into 250-ml polycarbonate bottles, to which incremental quantities of a 1.5 mol L Ϫ1 NaSiO 3 solution were added to increase the dissolved silica concentration. For each series, eight additions were made, the concentrations being dependent on the ambient silica concentration of the surface water. Each concentration increment was analyzed in duplicate or triplicate, depending on the total volume of sample available. The samples were inoculated with 1.11 MBq (0.03 Ci) of 32 Si tracer, incubated, and processed as described above.
Primary production-Measurements of primary productivity using the 14 C technique outlined in Parsons et al. (1984, pp. 22-25) were made at all stations where 32 Si incubations were carried out. Subsamples from the 20-liter CTD bottles were decanted into 2-liter polycarbonate bottles as before, then four 60-ml polycarbonate bottles for each of the seven percentage PAR depths were rinsed and filled with the sample. One bottle was wrapped in aluminum foil to obtain a value for nonphotosynthetic uptake. 370 MBq (10 Ci) of 14 C stock solution, in an artificial seawater dilution solution, was added to each bottle and the bottles incubated under the same conditions as described for the 32 Si studies, thus facilitating a direct comparison between silica and carbon uptake rates. Incubations were terminated by filtering samples under gentle vacuum through 47-mm diameter 0.2-m polycarbonate filters. The filters were then placed in 7-ml polyethylene vials and fumed over concentrated HCl to eliminate inorganic carbonate before being dried overnight in a desiccator containing silica gel crystals. Optiphase HiSafe 3 scintillation cocktail (2.5 ml) was added to each vial, and the vials were then capped and shaken. The samples were counted for 60 min or Ͻ0.1% precision, using the 14 C-DPM counting protocol on an LKB-Wallac 1414 liquid scintillation counter. The samples were stored in the LSC for a minimum of 1 h to allow decay of chemoluminescence. Daily standardization of 14 C activity was carried out by diluting 100 l 14 C stock in 10-ml Carbosorb and subsampling five 100-l aliquots into polyethylene vials. Packard Supermix scintillation cocktail (2.5 ml) was added and the samples counted by LSC as before. Primary production in mg C m Ϫ3 h Ϫ1 is determined from the mean of the triplicate counts minus the nonphotosynthetic uptake in the dark bottle, using the equations in Parsons et al. (1984, pp. 22-25) . After consideration of day length and the period over which the incubations were carried out, daily uptake rates were estimated as twice the total uptake rate measured in the 6-hourly incubation.
Particulate matter concentration-Two 500-ml subsamples of seawater from each of the sampling depths were reserved for the analysis of biogenic silica (BSi) and particulate organic carbon (POC). The BSi samples were vacuum filtered onto 0.8-m polycarbonate filters, from which the BSi was dissolved as described for the 32 Si incubations. The solution was neutralized with 0.1 mol L Ϫ1 HCl, and concentrations were determined using a Skalar Mk 2 segmented flow autoanalyzer using the method outlined in Kirkwood (1995) . POC samples were filtered through GF/F filters and immediately frozen at Ϫ20ЊC for analysis by CHN analyzer on return to shore.
Dissolved nutrient concentrations-Samples for inorganic nutrient analyses were drawn directly from Niskin bottles into brand new polystyrene coulter counter cups. Sample bottles were rinsed with twice their own volume of sample, capped, and stored in the dark at 4ЊC until analysis, which generally commenced within 4 h. Nitrate and nitrite (hereafter referred to as nitrate), silica, and phosphate concentrations in unfiltered water samples were analyzed using a Skalar SanPlus continuous flow autoanalyzer using standard colorimetric techniques described by Kirkwood (1995) and Sanders and Jickells (2000) . We estimate the short-term precision of the nitrate, phosphate, and silica analyses to be better than Ϯ2-3% based on the analysis of individual water samples from multiple Niskin bottles fired at the same nominal depth. We estimate the long-term precision of nutrient analyses over the entire cruise to be better than 3% for all nutrients, based on multiple analyses over the course of the cruise of an aged deep-water sample. The detection limit of the analyses (calculated as three times the baseline noise) were better than 0.1, 0.02, and 0.05 mol L Ϫ1 for nitrate, phosphate, and silica respectively.
Chlorophyll analysis-Shipboard total chlorophyll analyses for each of the light depths sampled for productivity measurements were carried out by filtering 100-ml seawater from the 20-liter Go-Flo bottles on the CTD rosette sampler onto Whatman 25-mm diameter GF/F filters. The filters were placed in 20-ml brown glass vials to which 10 ml 90% acetone was added, and the vials were placed in a freezer for 24 h. The concentration of chlorophyll extracted from the filter was measured using a Turner Designs scaling fluorometer following the protocol of Welschmeyer (1994) . Chlorophyll standard solutions (Sigma) covering the range of expected chlorophyll concentration were used for calibration of the fluorometer.
High performance liquid chromatography (HPLC) pigment analysis-five hundred milliliters of seawater samples were collected from the CTD rosette sampler from the depths at which samples for productivity measurements were collected. These were filtered onto 25-mm Whatman GF/F filters, and the filters were frozen at Ϫ70ЊC until return to shore. The frozen filters were extracted in 2 ml of 90% acetone using sonication (30 s) and centrifuged to remove cellular debris. An aliquot (500 l) of clarified extract was mixed with 500 l of 1 mol L Ϫ1 ammonium acetate and 100 l injected into a ThermoFinigan HPLC system (P2000 gradient pump, vacuum degasser, AS3000 autosampler, UV6000 diode-array detector, FL3000 fluorescence detector, SN4000 system controller) incorporating a 3-m Adsorbosphere column (3 ϫ 0.45 cm, Alltech). Pigment analysis using reverse phase HPLC was performed according to Barlow et al. (1993) . Data collection and integration used the Chromquest 3.0 software on a Dell computer. Pigment identity was secured through coelution with authentic pigments: chlorophyll pigments were obtained from Sigma Chemical Co.; fucoxanthin and 19Ј-hexanoyloxyfucoxanthin from DHI, Denmark. Further confirmation of pigment identity was provided through online diode-array spectroscopy.
Results
Hydrography, biomass distribution, and primary production-The basic physical, chemical, and biological characteristics of each of the stations at which 32 Si uptake rates or uptake kinetics were determined are identified in Table 1 . There were no obvious relationships between the mixed layer or euphotic depth with either time or latitude; this is likely a result of the essentially random distribution of sampling stations. The mixed layer depth, estimated as being the depth at which the CTD temperature profile changed by 0.2ЊC, exceeded the euphotic depth at only two stations, 13984 and 14010. Surface nutrient concentrations were in the range of 0. were provisionally identified as possible locations of the spring phytoplankton bloom. Regression analysis showed no statistically significant relationships between integrated primary production and surface nutrient concentrations, integrated Chl a concentrations, photic zone depth, mixed layer depth, and the ratio of photic zone : mixed layer depth.
The taxonomic nature of the mixed plankton assemblage was investigated using HPLC of chlorophyll and accessory pigments. Figure 1 shows the depth distribution profiles for some key marker pigments (Jeffrey and Vesk 1997) for all stations except 13071, for which data are unavailable. Fucoxanthin, a diatom-associated pigment, is dominant throughout the photic zone at stations 13984, 13995, and 14060, while at stations 14000 and 14005 the community appears to be fairly mixed at the surface but diatom-dominated at depth. Stations 14071, 14010, and 14078 contain mixed phytoplankton pigment signals throughout the photic zone, whereas Sta. 14029 has a high concentration of the prymnesiophyte pigment 19Ј-hexanoyloxyfucoxanthin.
Diatom species distributions were examined in a single sample from the 50% light depth at each station, excluding Sta. 14000 (data not shown). Nitzschia spp. were dominant at most stations, accounting for 50% or greater of total diatom cell counts. The exceptions were stations 14005 and were observed at 8% surface PAR, approximately corresponding to the depth of the thermocline, and at 0.1% PAR. Stations 13984, 14000, and 14005 also exhibited moderate peaks at the 0.1% PAR data point, while a peak in BSi was observed just above the thermocline at Sta. 13995. POC values were typically 10-40 mol L Ϫ1 , with the exception of a single surface value of 84 mol L Ϫ1 at Sta. 14060. Peaks in POC concentration at depth were observed at Stas. 13984, 14000, and 14071. POC and BSi concentrations were integrated to the depth of the 0.1% PAR light level and ranged between 243 and 1,106 mmol m Ϫ2 for POC (Stas. 13971 and 14029, respectively), and 10.2 and 148 mmol m Ϫ2 for BSi (Stas. 14029 and 14071). Regression of BSi and POC with silica uptake rates and primary production, respectively, did not demonstrate any significant relationship, indicating either highly variable phytoplankton growth rates or that particulate material at some stations contained a significant detrital component. Integrated Si : C ratios varied from 0.25 to 0.012, with a mean value for all stations of 0.055 Ϯ 0.044. Two stations (14029, 14078) deviated strongly from the data set; removing these reduced the value to 0.10 Ϯ 0.04, somewhat closer to the generally accepted value for diatom Si : C ratio of 0.13 (Brzezinski 1985) .
32 Si uptake profiles-The profiles of silica uptake and nitrate and silica concentrations at each of the 10 stations are shown in Fig. 2 . Uptake values ranged between 0.001 and 0.1 mol Si L Ϫ1 h Ϫ1 , although most were 0.005 to 0.05 mol Si L Ϫ1 h Ϫ1 . This is consistent with previous observations in coastal Northeast Atlantic studies (Paasche and Ostergren 1980; Kristiansen et al. 2000) and in spring bloom studies in other mesotrophic regions (e.g., Treguer et al. 1991; Brzezinski et al. 2001; Leynaert et al. 2001) . In contrast to primary production, 32 Si uptake did not decrease to zero at the base of the photic zone. The high subsurface uptake rates frequently corresponded with increased nutrient concentrations at the thermocline, and at some stations (14000, 14005, 14060) increased particulate concentrations were also observed in this region of the water column ( Table 2 ). The mean ratio of silica uptake between the dark and light paired samples was 0.8, indicating that silica uptake is at best loosely coupled to light availability, at least over a 6-h timescale (Fig. 3) . Silica uptake in light-shielded samples has been observed previously, with dark : light uptake ratios from 0.4 to Ͼ1 (Azam and Chisholm 1976; Nelson and Brzezinski 1997) . No relationship was observed between the dark : light uptake ratio and either depth or ambient silica concentration in our samples.
Daily silica uptake rates were calculated by summing Fig. 4 . Location of sampling stations for 32 Si uptake studies (stars), showing the distribution of silica uptake rates in mmol Si m Ϫ2 d Ϫ1 integrated to the depth of 0.1% surface light intensity (in brackets). The daily rates were calculated incorporating both daylight and dark rates, as described in the text. Stations at which uptake kinetics experiments were carried out are also highlighted (circles), and the overall cruise track is marked as a dashed line.
twice the uptake of both the light and dark samples to give a value for the 12-h day-night cycle. Daily depth-integrated silica uptake rates at seven of the stations were between 5 and 20 mmol Si m Ϫ2 d Ϫ1 (Fig. 4) , similar to previous values reported for nonbloom uptake in HNLC regions Gall et al. 2001) . At two stations, 14060 and 14078, silica uptake rates were 78 mmol Si m Ϫ2 d Ϫ1 and 167 mmol m Ϫ2 d Ϫ1 , respectively, nearly an order of magnitude greater than the other stations. Primary production at these stations was also among the highest observed on the cruise.
Silica uptake dynamics during the progress of the spring bloom-
The integrated silica uptake rates did not vary in a consistent manner with either the date or location of sampling, and regression analysis of daily silica uptake rates with the same parameters as for primary production and with primary productivity itself did not reveal any statistically significant relationships. It appears, therefore, that interpretation of the results with respect to the changing patterns of silica uptake as the spring bloom develops is hindered by the temporal, spatial, and hydrographic diversity of the stations. In order to fully understand the sequential changes in silica uptake dynamics in the Northeast Atlantic, it is necessary to establish an appropriate time series through which the development of the diatom spring bloom can be traced.
Following the observation of Kristiansen et al. (2000) that diatom growth rates declined as silica concentration decreased in a coastal North Atlantic spring diatom bloom, we synthesized a quasi-time series by ordering the results by mean photic zone silica concentration (a mean value being used in order to eliminate effects caused by variable photic depths). It has been observed previously, in both laboratory Fig. 5 . The following data are presented here in order of mean photic zone silica concentration: (a) specific and depth-normalized absolute silica uptake; (b) depth-normalized absolute primary productivity and depth-normalized Chl a; (c) particulate organic carbon and biogenic silica concentrations. (Claquin et al. 2002) and field (Brzezinski and Kosman 1996; Nelson and Brzezinski 1997; Brzezinski et al. 1998) studies, that the factors controlling primary production do not necessarily correspond with those that control silica uptake. Thus, while interaction between light regime, mixing depth, and nutrient concentrations may govern the initiation and species composition of the phytoplankton bloom, we believe that the degree of silica depletion is likely to be the simplest reliable indicator of the progression of the diatom phase of the spring bloom. This approach is subject to the following assumptions:
1. All water types covered by the FISHES cruise had similar prebloom silica concentrations. Winter mixing to 600-800-m depth of silica-depleted surface water with deeper, more nutrient-rich water is primarily responsible for determining the prebloom silica concentration (Koeve 2001) . Therefore, examination of the silica concentration at 400-m depth (or the bottom sampling depth if the station is shallower than 400 m) should give an indication of the prebloom silica concentration of the surface water. Silica concentrations at these depths were 6-7 mol L Ϫ1 for all stations, except 13971 (8.46 mol L Ϫ1 ), 14071 (9.87 mol L Ϫ1 ), and the Scottish shelf Sta. 14029 (4.47 mol L Ϫ1 ), suggesting this is a reasonable assumption for most sites.
2. The concentration of dissolved silica at all sites was not significantly affected by storm activity, mixing across the thermocline, or dissolution of diatom frustules in the surface layer during the period of the cruise.
We believe this approach is more useful than ordering the stations by alternative tracers of bloom progression, e.g., POC, BSi, Chl a, and fucoxanthin concentrations, or primary production rates. These latter parameters are state variables, which rise and fall as the bloom progresses and in some cases are also influenced by other phytoplankton production (POC, Chl a, primary production). In contrast, if the above assumptions are correct, silica concentration would be expected to decline throughout the entire period of the diatom bloom and, in addition, is related directly only to use by diatoms. Figure 5a shows changes in average photic zone absolute silica uptake and specific uptake rates for the 10 silica uptake stations, ordered by decreasing depth-averaged photic zone silica concentrations. With the exception of Sta. 13995, it is apparent that peak rates of absolute uptake (Stas. 14060, 14078) occur only at silica concentrations greater than about 1-2 mol L Ϫ1 . Below this value, it appears that diatom growth is limited by substrate concentration, with mean integrated absolute uptake rates below 1 mmol m Ϫ3 d Ϫ1 for stations where silica is below 2 mol L Ϫ1 . Figure 5b shows depth-averaged photic zone primary production and depth-averaged chlorophyll plotted on the same basis as the silica parameters in Fig. 5a . No significant relationship existed between either parameter and silica concentration. In particular, peaks in both primary productivity and chlorophyll are observed at Stas. 14010 and 14029, where the depth-integrated silica concentration is low. No clear pattern emerges from ordering the biogenic particulate carbon or silica concentrations by depth-averaged photic zone silica concentrations (Fig. 5c) other than a general peak in both parameters at intermediate silica concentrations.
32 Si uptake kinetics studies-In all four silica uptake kinetics experiments, an approximately linear response of specific uptake to increased substrate concentration was observed (Fig. 6) , with the r 2 value for the best-fit line to the data being Ͼ0.9 in all cases. The gradient of the slopes was variable: 0.001, 0.042, 0.0093, and 0.0037 h Ϫ1 mol L Ϫ1 for Stas. 13989 to 14088, respectively. Data regression was carried out to obtain both linear and hyperbolic fits to the data, and the goodness of fit and kinetic rate parameters thus obtained are shown in Table 3 .
Discussion
Silica uptake dynamics during the progress of the spring bloom-Ordering the silica uptake data by mean photic zone silica concentration appears to work well as a model for diatom bloom progression. Figure 5a demonstrates that peak , of silica in the most enriched bottle; V max is the maximum specific uptake rate of silica of the diatom population; K m is the concentration of silica at which V ϭ 0.5V max ; r 2 is the least squares correlation coefficient of the hyperbolic fit (column 6) or linear fit (column 9) to the data; V initial /V max* is the fraction of maximum recorded uptake occurring at ambient silica concentration; and slope is the gradient of the best fit straight line through the plot of V against [Si (OH) (Egge and Asknes 1992) , which demonstrate that diatom dominance of a phytoplankton population decreased rapidly as concentrations fell below 2 mol L Ϫ1 Si. We therefore suggest that at those stations where depth-averaged photic zone silica is less than 2 mol L Ϫ1 Si, the spring diatom bloom had peaked and possibly begun to decline. At Sta. 13995, where the depth-averaged photic zone silica concentration was highest (4.3 mol L Ϫ1 ), both primary production and biogenic silica concentrations were low; however, some depletion of surface silica relative to deep waters was evident, indicating some diatom activity has occurred. This suggests conditions at Sta. 13995 represent a phase early in the diatom bloom and in the spring bloom in general.
When attempting to establish the temporal development of the phytoplankton bloom, it is clearly essential to consider concurrent changes in parameters other than silica concentration and uptake. Peaks in both primary productivity and chlorophyll are observed at Stas. 14010 and 14029 (Fig. 5b) , where the mean photic zone silica concentration and uptake rates were low. The phytoplankton pigment data (Fig. 1) at these stations are dominated by chlorophyte and prymnesiophyte marker pigments, rather than those associated with diatoms. The low silica concentration at 14010 demonstrates that the diatom-dominated phase of the bloom had passed, although the phytoplankton still maintained a high level of productivity. In contrast, the concentration of silica at Sta. 14029 is high relative to nitrate and phosphate concentrations. It may be significant that this station, located on the Scottish Shelf, had a deep-water silica concentration well below that of the other stations (4.5 mol, compared to about 7 mol). It therefore follows that while photic zone silica concentrations appear to be a fairly reliable indicator of diatom bloom progress, the same does not hold for the development of the spring bloom as a whole.
Mean photic zone POC and BSi concentrations are generally highest in the middle of the series (Fig. 5c ). This may lend further weight to our hypothesis that ordering the data by mean photic zone silica concentration is an effective means of representing the diatom bloom progression. We suggest the high midseries values correspond to postbloom biomass present in the surface layer of the ocean. Low BSi and POC concentrations at the start and end of the time series are assumed therefore to represent low prebloom biomass and subduction of biogenic material into deeper waters at the end of the bloom, respectively. The decrease in POC concentration at Sta. 14005 can be explained by the presence of an extremely shallow (10 m) surface mixed layer, suggesting that accumulated particulate material has already been subducted.
In summary, the general concurrence of high (Ͼ2 mol L Ϫ1 ) surface silica availability and high absolute and specific silica uptake rates suggests that availability of dissolved silica is the primary control on diatom bloom evolution. However, the absence of a similar correlation between silica concentration and primary productivity clearly indicates that ambient silica concentration alone cannot be used as a monitor of the overall spring bloom. Specifically, low silica uptake may be observed under conditions of relatively high silica concentration if the light and hydrographic conditions are insufficient to initiate the bloom. Similarly, high primary productivity may be maintained under silica-depleted conditions by late bloom phase mixed or nondiatomaceous communities.
Changes in Si uptake profiles throughout the diatom bloom-Synthesis of the data into a quasi-time series on the basis of photic zone silica concentration appears to provide a reasonable basis for interpreting silica uptake rates determined during the survey. With this approach, the shapes of the silica uptake profiles at different stages of the time series (Fig. 2) and comparison with primary production profiles (Fig. 7) are here examined in order to address the second of our hypotheses on diatom bloom progression.
Initial consideration of the data indicated a lack of differentiation in profile shape at the different bloom stages. However, by superposing the depth of the surface mixed layer and the dissolved silica profile on to the data, it was apparent that where the euphotic depth exceeded the mixed layer depth, silica uptake increased in the nutrient-rich deeper waters. This trend was apparent at all stations except 13995, which, as outlined above, exhibited low primary productivity and high nutrient concentrations and was identified as being in the initial stages of the bloom. During this early bloom stage, silica uptake was highest in the surface mixed layer and decreased to lower levels at depth. The dissolved silica concentration increases fairly rapidly, from about 3 mol L Ϫ1 Si at the surface to 6 mol L Ϫ1 Si at about 20 m, increasing more gradually thereafter across the thermocline. Primary productivity at this station demonstrated a classical light-limited profile. Under such conditions, diatom growth is likely to be fastest in the high irradiance surface waters, leading to the initial depletion of the surface silica reservoir. However, occurrence of peaks in both BSi concentration and the diatom marker pigment fucoxanthin within the photic zone but below the immediate surface indicate there is some decoupling of the silica and carbon uptake mechanisms, even at the early stage of the bloom.
Conditions at Stas. 14060 and 14078, which have high rates of both primary productivity and silica uptake, are considered to be representative of the peak diatom bloom. As silica concentration in the surface water decreases toward 1-2 mol L Ϫ1 , silica uptake by diatoms at this depth may also be expected to decrease, and the highest silica uptake rates will occur adjacent to the thermocline, where dissolved silica concentrations are higher. At Sta. 14060, both silica and carbon uptake were highest below the surface. Pigment (Fig. 1 ) and biomass (Table 2 ) data for this station indicate a strongly diatom-dominated community located at depth, which may be expected to control overall production; that is, at this station Si and C uptake are approximately in balance. In contrast, at Sta. 14078, carbon uptake is high at the surface while the silica uptake peaks at depth. Pigment data indicate a mixed community at this station, so that overall production is probably influenced by a number of phytoplankton taxa, including diatoms. The decoupling of cellular silica and carbon cycles in diatoms (Claquin et al. 2002) means that diatoms in the silica-depleted upper region of the water column may continue to be productive in terms of carbon, if their silica requirement can be fulfilled by some combination of current uptake and earlier luxury uptake under higher silica conditions (Hildebrand 2002) . Thus, we suggest that, at Sta. 14078, heavily silica-depleted diatoms have sunk to the base of the photic zone and used the deep silica pool that exists here, while productivity in the upper water column is maintained by a combination of other phytoplankton and diatoms using intracellular silica pools.
The remaining stations appear to have passed the peak of diatom bloom. Stations 13971, 14000, 14005, and 14071 have reached the end of the phytoplankton, as well as diatom bloom. All nutrient concentrations were low, and, overall production was low and constant throughout the photic zone. The silica concentration was below 1 mol L Ϫ1 , and depletion extended below the thermocline, suggesting diatoms had used this pool in addition to the silica trapped above the thermocline. At the two remaining stations, 14010 and 14029, primary production was supported by non-diatomdominated communities (Fig. 1) . The low silica concentration at 14010 implies the diatom bloom had already peaked here, but the comparatively high silica concentration at 14029 may suggest that diatom growth at this site was restricted.
In accordance with our second hypothesis, it appears that where silica uptake is substrate limited by low surface water Fig. 7 . Stations have been divided according to the phase of the spring bloom they appear to represent, based on the available uptake, nutrient, pigment, and biomass data. Early diatom bloom stage: reasonably high surface silica, low to moderate rates of production and silica uptake, silica uptake homogeneous throughout photic zone. Peak diatom bloom stage: high rates of silica uptake and primary productivity, surface silica depleted to 1-2 mol L
Ϫ1
, intense silica uptake at thermocline boundary. Transition stage: silica uptake rates low, primary production high but driven by nondiatom community. Silica concentration variable depending on intensity of preceding bloom. Postbloom stage: low primary productivity and silica uptake rates, surface layer silica fully exhausted, POC and BSi concentrations typically highest below thermocline. silica concentration, diatoms rapidly use the silica reservoir encountered at depth. The mechanism for silica uptake is generally considered to have both a low energy requirement and to be energized by respiration rather than photosynthesis (reviewed in Martin-Jezequel et al. 2000) ; therefore, in the short term at least, low irradiance is unlikely to hinder silica uptake. The faster sinking of nutrient-limited phytoplankton relative to their neutrally buoyant, nutrient-replete counterparts is also well documented (e.g., Bienfang et al. 1982; Brzezinski and Nelson 1988) ; thus, diatoms with the greatest silica requirement are transported to the area where the substrate is most available. This may account for the decoupling of the carbon and silica uptake profiles observed at many of the sites.
Enrichment experiments-Michaelis-Menten uptake kinetics predict a hyperbolic increase in biomass-specific uptake as substrate concentration increases. However, at all FISHES stations at which uptake kinetics were derived, an approximately linear response of specific uptake rate to substrate concentration was observed (Fig. 6 ). Similar uptake kinetics have been obtained previously in tropical Atlantic oligotrophic waters (Brzezinski and Nelson 1996 , silica additions up to 6 mol L Ϫ1 ) and the central North Pacific (Brzezinski et al. 1998 , silica additions up to 20 mol L Ϫ1 ). However, in a Northeast Atlantic coastal study (Kristiansen et al. 2000) , the diatom population exhibited MichaelisMenten behavior. The uptake kinetics parameters derived by Kristiansen et al. (2000) , under ambient silica concentrations of Ͻ0.1 to 6.3 mol L Ϫ1 , gave values for the half-saturation constant, K m , and the maximum rate of uptake, V max , ranging from 1.7 to 11.5 mol L Ϫ1 , and 6.9 to 26.7 ϫ 10 Ϫ3 h Ϫ1 , respectively. In general, the authors observed a positive correlation between both parameters and ambient silica concentration. The total silica added in the FISHES experiments varied between 6 and 27 mol L Ϫ1 , depending on the ambient concentration, and, based on the study of Kristiansen et al. (2000) , a Michaelis-Menten type response may have been expected.
Owing to the linear response of the FISHES silica uptake kinetics, the data were interpreted following the approach of Brzezinski and Nelson (1996) for data from the Sargasso Sea. This is the only other study we are aware of that explicitly reports linear uptake kinetics. These authors used a linear regression to fit a straight line through zero to the data and compared the gradient of the slopes as an indicator of diatom response to substrate increase. The gradients obtained in the present study ranged from 0.001 to 0.042 h Ϫ1 mol L Ϫ1 (Table 3) , which compare favorably with the range of approximately 0.001-0.01 h Ϫ1 mol L Ϫ1 found in the Sargasso Sea (Brzezinski and Nelson 1996) . No correlation between slope gradient and factors such as ambient silica concentration or primary productivity were observed in the FISHES study. However, we observed that the lowest slope gradients corresponded to Stas. 13989 (0.001 h Ϫ1 ) and 14088 (0.004 h Ϫ1 ), where Nitzschia delicatissima composed over 90% of the total diatom assemblage. At Sta. 14066 (gradient 0.01 h Ϫ1 ), the species composition was approximately 50% each of N. delicatissima and Chaetoceros decipiens. The highest gradient at Sta. 14053 corresponded with a highly diverse diatom assemblage. Some relationship between species composition and uptake kinetics may therefore be assumed.
An upper estimate of silica uptake efficiency was determined by using the silica uptake rate at the maximum addition of silica in the uptake experiments as a surrogate value for V max (the maximum silica uptake rate observed by hyperbolic kinetics), here denoted by V max* . By taking the ratio of V initial /V max* , where V initial is the uptake rate at ambient silica concentrations, we can deduce that the uptake rate was less than 7%-15% of maximum possible rate for Stas. 14053, 14066, and 14088, and less than 32% for Sta. 13989. However, since no leveling off of the curves was observed, these figures must be taken as absolute maximum estimates of uptake efficiency.
It is necessary to consider the possibility that the linear data from the enrichment experiments represent the lower section of a hyperbolic curve and may be used to estimate the silica uptake kinetics parameters. A statistically significant hyperbolic fit to the data can only be obtained for Stas. 14066 and 14088 (r 2 Ͼ 0.7); however, the level of significance is still less than that of the linear fit described above. V max and K m , the half-saturation constant, were calculated using a Woolf-Haines plot (Table 3) . Both values were much greater than observed in the Oslofjord (Kristiansen et al. 2000) , although comparably high values have been observed in the central North Pacific (Brzezinski et al. 1998 ). The V initial /V max ratio indicates that silica uptake at these two sites is limited to only 2% and 6% of the maximum observed rate, again comparable with values observed at some stations in the central North Pacific. However, the significantly better linear fit to the data demands that parameters determined from the forced hyperbolic fit be treated with caution.
Both the linear and hyperbolic approaches used in analysis of the kinetic uptake data indicate that the North Atlantic diatom populations appear to have low efficiency for silica uptake for typical values of surface silica concentration. As noted by Brzezinski and Nelson (1996) , such severe silica limitation may be adaptive rather than detrimental, since silica limitation of growth is less damaging to the cell in the long term compared to limitation by other nutrients. While such reasoning may also account for the low silica uptake efficiencies at the ambient silica concentrations at the FISH-ES stations, it does not explain why silica uptake can increase proportionally to substrate concentration over such a wide concentration range or why the theoretical V max values observed at the FISHES stations are so high. The observation of subsurface silica uptake maxima or significant uptake at depth at the FISHES stations and in other oligotrophic and mesotrophic areas (Brzezinski and Kosman 1996; Brzezinski et al. 1998 ) may help explain this anomaly.
Diatom populations can maintain their growth rates under silica-limited conditions by thinning their frustules so that cellular C : Si and N : Si ratios may be three or four times their optimal value (e.g., Brzezinski et al. 1990) ; however, at some point the diatom will need to replenish its cellular Si content to maintain growth. The preferential sinking of nutrient-stressed diatoms has already been noted (Bienfang et al. 1982; Brzezinski and Nelson 1988) , and for most open ocean diatoms, this would result in transport to deeper water with higher nutrient concentrations-maximum deep-water silica concentrations in the Northeast Atlantic are 15-20 mol L Ϫ1 . A high V max , well above the concentrations expected in surface waters, would enable diatoms to rapidly take up any silica encountered at depth or introduced by episodic mixing. This in turn would enable them to regulate their buoyancy quickly, thus limiting the likelihood of the cells being transported permanently out of the surface mixed layer of the ocean. As silica uptake has a relatively small energy requirement, maintaining the ability to take up silica rapidly costs the cell very little but has high potential benefit.
This study presents the first measurements of 32 Si assimilation in the open Northeast Atlantic Ocean. Individual uptake rate measurements were generally of the same order of magnitude as previous studies in environments, such as the coastal Northeast Atlantic and the Southern Ocean. Some Northeast Atlantic silica uptake profiles exhibited subsurface maxima, as has also been observed in other mesotrophic and oligotrophic regions (Brzezinski and Kosman 1996; Nelson and Brzezinski 1997; Brzezinski et al. 1998) . Frequently, the increased uptake corresponded with increased nutrient concentrations at the base of the surface mixed layer. This rapid uptake at increased nutrient concentrations was considered to be a response by diatoms to near exhaustion of the surface silica pool, which had become silica depleted due to rapid cell division. In most profiles, uptake was still observed at light levels of 0.1% surface PAR, and silica uptake was also noted in dark samples at rates of 40% to Ͼ100% of the comparable light uptake rate. This implies a low energy dependence of silica uptake and a decoupling of silica and carbon uptake rates by diatoms.
A dark uptake component was included in the final calculation of depth-integrated daily silica uptake rates. Seven out of the ten stations sampled had daily silica uptake rates in the range previously observed for Southern Ocean nonbloom production, but rates at two stations were higher than any previously reported values, at 78 and 166 mmol Si m Ϫ2 d
Ϫ1 . These stations were also sites of high primary productivity. Silica uptake rates were highly variable over space and time, and thus the data were considered on a quasi-timeseries basis, using the mean photic zone silica concentration as a controlling parameter. This model appeared to successfully rationalize the data in terms of the progression of the diatom bloom, despite the wide range of hydrographic, biological, and biogeochemical conditions sampled. Overall, low absolute and specific silica uptake rates were observed at the beginning and end of the bloom, with high values at the bloom peak. Of particular note is that the data suggest Northeast Atlantic diatom silica uptake rates are low at silica concentrations below 2 mol L Ϫ1 , in accordance with the observation of Egge and Aksnes (1992) that diatoms dominate phytoplankton populations at concentrations above this limit. The model did not, however, trace the pattern of primary productivity distribution, underlining that the silica concentration model is applicable to the diatom-controlled phase of the bloom only.
Uptake kinetics studies demonstrated a linear relationship of silica uptake with substrate concentration at silica concentrations of up to 27 mol L Ϫ1 . A statistically significant Michaelis-Menten curve was fitted to data from two of the stations, and V max values on the order of 0.2 h Ϫ1 and K m of 19.1 and 46.2 mol L Ϫ1 were obtained. Regardless of whether this approach is used or a best-fit straight line is applied to the data, the uptake kinetics are inefficient compared to their potential maximum values. While this is surprising in an environment where ambient silica may be limiting to growth, there are possible benefits of silica limitation in terms of cell survival under nutrient-depleted conditions. Further, the high V max value obtained indicates that Northeast Atlantic diatoms are capable of responding to pulsed inputs of nutrients and/or transport to zones of higher nutrient concentrations at the depth of the thermocline.
